Bioplastics are emerging on the market as sustainable materials which rise to the challenge to improve the lifecycle of plastics from the perspective of the circular economy. The article aims at providing a critical insight of research studies carried out in the last 20 years on the degradation of bioplastics under aerobic composting and anaerobic digestion conditions. It mainly focuses on the various and different methodologies which have been proposed and developed to monitor the process of biodegradation of several bioplastic materials: CO 2 and CH 4 measurements, mass loss and disintegration degree, spectroscopy, visual analysis and scanning electron microscopy. Moreover, across the wide range of studies, the process conditions of the experimental setup, such as temperature, test duration and waste composition, often vary from author to author and in accordance with the international standard followed for the test. The different approaches, in terms of process conditions and monitoring methodologies, are pointed out in the review and highlighted to find significant correlations between the results obtained and the experimental procedures. These observed correlations allow critical considerations to be reached about the efficiency of the methodologies and the influence of the main abiotic factors on the process of biodegradation of bioplastics.
Introduction
Over recent decades the market has continuously evolved regarding the role of different kinds of materials within the domains of production; overtaking glass, wood, ceramic and metal, plastic has become a fundamental material within the man-made environment (Karana, 2012) . Plastics are predominant in the market, with 322 million tonnes produced in 2015; this amount is forecast to double over the next 20 years. Consequently, in Europe 25.8 million tonnes of plastic waste are generated every year, 59% of which is packaging (Emadian et al., 2017) . Nowadays the demand for recycled plastics is very low. Data from Eurostat reported recycled plastic demand in Europe of just 6%, therefore at the end of life plastics are mainly incinerated or landfilled, 31% and 39%, respectively (A European Strategy for Plastics in a Circular Economy, 2018) . The disposal of plastics has an important impact on the environment, accounting for approximately 400 million tonnes of CO 2 per year released into the environment, which is related to the plastic production chain from cradle to end of life. Moreover, up to 4% of global plastics produced end up in the oceans and seas (A European Strategy for Plastics in a Circular Economy, 2018), posing a well-known risk to the marine environment but also to the safety of animals and humans. The ingestion of plastics by marine animals results both in toxicity risks for them and in bioaccumulation of the material in the food chain (Jain and Tiwari, 2015; Mostafa and Tayeb 2015; Pathak et al., 2014) . Thus, in the collective imagination, severe reaction and criticism regarding the environmental impact of plastics have been increasing over the last three decades (Lindberg et al., 1995) . At this point of global development in which ever more resources are consumed and waste is increasing worldwide, rethinking plastic production, use and disposal is a key aspect for sustainable product development (Crabbé et al., 2013; Pracht 2011; Ribeiro et al., 2008) . From the perspective of the circular economy, waste and resources could be rebalanced by recovering waste as resources after appropriate treatment. The challenge in the plastics market today is to increase the possibilities for material recovery, thus encouraging not only demand for recycled plastics, but also consideration of possible alternatives to plastics, with similar features and uses but a cleaner lifecycle.
Derived from renewable resources and ending in the organic fraction of municipal solid waste (Brockhaus et al., 2016) , bioplastics were created to rise to this challenge and to emerge on the market as an environmentally friendly and sustainable material. The European Bioplastics Agency classifies bioplastics into three categories; biodegradable and produced from renewable resources, biodegradable and produced from non-renewable resources, and non-biodegradable but produced from renewable resources. Focusing on the first category, the following common bioplastics can be cited: starch-based materials (Re et al., 2013) , polylactic acid or polylactide (PLA) (Hottle et al., 2013) , polyhydroxyalkanoates (PHA), bioplast, polyhydroxybutyrates (PHB) (Arraiza et al., 2013) , polybutylene succinate (PBS) (Luzi et al., 2016) and polybutylene adipate terephthalate (PBAT) (Byun and Kim, 2013) . Not to be confused with bioplastics, some synthetic polymers exist that contain pro-oxidant compounds and are known as oxo-degradable plastics (Sivan, 2011) . These plastics have been found to offer no proven environmental advantage over conventional plastics, and they simply fragment into microplastics without biological degradation.
Consolidated products in bioplastic films, such as biobags for shopping and waste collection, are available in supermarkets and commonly used by the population. In addition, a new potential for rigid bioplastics is appearing on the market, including food-packaging, mono-use dishes and cutleries, and stationery products (Peelman et al., 2013) . Further, this observable fast growth of bioplastics on the market is forecast to increase by 16% by 2022 (European Bioplastics, available at: https://www.european-bioplastics.org/). Thus, scientific research is progressively working on the optimization of the conditions which allow biodegradation of bioplastics in both aerobic and anaerobic treatments of organic waste. In fact, it is fair to specify that at the end of treatment, organic waste results in compost (Cerda et al., 2018) , a soil amendment which is beneficial for land and a precious resource in agriculture (Avidov et al., 2017; Costa et al., 2017) . To provide compost safe for use, it is necessary to ensure the biodegradation and stabilization of the organic waste, together with the removal of potential pollutants (Vázquez and Soto, 2017) .
Regarding biodegradation of bioplastics, a term which involves biological activity in the modification of the tested material (Emadian et al., 2017) , three aspects stressed by standards and tests carried out in scientific research should be defined: (ultimate) biodegradability, disintegration, and compost quality (Lucas et al., 2008; Shah et al., 2008) . Biodegradability includes those biotic and abiotic conditions leading firstly to hydrolysis of the complex biopolymers and then to assimilation by microorganisms, thus modifying them to biomass and simple metabolic products. Disintegration is the physical falling apart of the material into small fragments (Balaguer et al., 2016) , and the term is used in this review when specifically referring to those standards requiring this kind of test (e.g. EN 14806, ISO 20200). Pieces which reach a size below 5 mm are called microplastics (Thompson et al., 2009 ). In accordance with EN 13432 (the European reference standard for the labelling of bioplastic compostability), evaluation of the compostability of bioplastics is done by sieving the tested material in compost and assessing that no more than 10% of the initial weight is retained by a 2 mm sieve (Pagga, 1998; Zhang et al., 2018) . In the last decade ever more studies have focused on assessing the large and increasing amount of microplastics present in aquatic environments (Horton et al., 2017b) , in seabed or sediments (Horton et al., 2017a) , and soil (Ng et al., 2018) ; despite this, no protocol is yet available to monitor the presence of pieces sized below 2 mm in amendments from organic waste treatments. The presence of microplastics in the environment makes it challenging to extract, enumerate and identify them (Qiu et al., 2016) . Moreover, the fate and the timings of degradation of micro pieces deriving from bioplastics are mostly unknown (Álvarez-Chávez et al., 2012; Emadian et al., 2017) , thus making them as potentially hazardous as the microplastics of traditional polymers. The last property sometimes considered in scientific research about bioplastics fate in composting, is the compost quality, also called safety (Song et al., 2009) , which provides information about the impact of the tested material on cultivated land through ecotoxicity tests.
The review presents a summary of research at laboratory and pilot scales carried out to assess the fate of bioplastics during aerobic composting and anaerobic digestion treatments. Concerning these specific environmental conditions, the authors provide an overview of the methodologies developed and used by different studies to monitor and measure the biodegradation of bioplastics. Generally, in the same study two or more methodologies are applied to measure the biodegradation of bioplastics, and several authors use the same methodologies but under different process conditions: to this purpose, the review aims on the one hand to compare the results and efficiency of the different methodologies, and on the other to provide a critical discussion of the factors which mainly affect the biodegradation of bioplastic materials under aerobic composting and anaerobic digestion conditions.
Biodegradation of bioplastics under aerobic composting and anaerobic digestion conditions
The increasing production of bioplastics and their promising uses on the market has motivated an interest in the evaluation of bioplastic biodegradation under the process conditions used during the treatments of the organic fraction of municipal solid waste. Studies were carried out mostly in accordance with standards (e.g. American Society for Testing and Materials (ASTM), International Organization for Standardization (ISO), European Standards (EN)) which provide indications about environmental conditions, timings and scales of the tests. The result is a series of analyses, mainly at laboratory scale, which consider different durations of simulation for waste treatments, several types of bioplastics, various thicknesses (mostly films), and finally different temperatures: the combination of these conditions greatly influences the results for biodegradation of bioplastics.
Aerobic composting conditions
In aerobic composting, which consists of oxygen consumption and release of gaseous H 2 O and CO 2 (Awashti et al., 2014) , aeration is required to provide a sufficient amount of O 2 for the oxidation of the organic material (Chen et al., 2015) , and to evaporate excess moisture (Petric and Selimba, 2008) . To ensure adequate aeration of the compost feedstock, different turning regimes have been used by different authors under forced or natural aeration (Onwosi et al., 2017; Tatàno et al., 2015) . Moreover, conventional composting parameters (temperature, moisture content, pH, C/N, volatile solids) (Hachicha et al., 2009; Huang and Wong 2004; Xiu-Lan et al., 2016) were monitored during the process (Getahun et al., 2012) . In the same way, to simulate composting and to comply with the standard requirements for aeration and monitoring parameters, generally the authors reported the values of biodegradation obtained during the tests on bioplastics, either at laboratory scale or pilot scale. To test the biodegradation of bioplastics under aerobic composting conditions, different standardized equipment has been used in studies. International standards which deal with plastics and bioplastics degradation are summarized in Table 1 . On the one hand, the scope of ISO 20200, ISO 16929, EN 14806 and EN 14045 is the determination of the degree of disintegration during composting. On the other hand, ISO 14855-1 and ISO 14855-2, and ASTM D5338 aim at also determining the ultimate aerobic biodegradability of the tested material in composting. Moreover, EN ISO 14851 is used to assess aerobic biodegradability in an aqueous medium with an inoculum from activated sludge or compost; so far this latter aspect has been investigated much less with respect to the degradation during aerobic composting. Some authors carried out research following the procedures and analyses provided by these standards, while others do not comply with any specific protocol. The main differences in the conditions required by the abovementioned standards to carry out the tests involve the temperature, the duration and the scale of the simulation, and the composition of the matrix to which the test material is exposed. Keeping an almost constant moisture of 50-55%, the tests present either a single constant thermophilic phase, with a temperature range of 58-65°C, or two phases, of which the first is thermophilic and the second mesophilic. During the mesophilic phase the composting matrix progressively cools down to ambient temperature. Moreover, the tests cover a minimum of 30 days, but also longer periods, from 90 to 180 days, although none of the considered studies exceeds 130 days of simulation. In addition to these variables, the scale of the test can contribute to a substantial variation of the results. Laboratory-scale tests cover a range of size from 100 ml bottles (Massardier-Nageotte et al., 2006) to flasks of a few litres. Pilot-scale studies start from a 35 l reactor, as in the ISO 16929, up to 140 l in the EN 14045; however, without complying with a specific standard, Mohee et al. (2008) developed a simulation in a composting vessel of 200 l, while Kale et al. (2007) used piles of 3 m height. Finally, the matrix of the test can be composed of wet synthetic waste, meaning a mixture of compost, rabbit food, sugar, urea, corn oil and sawdust; by mature compost 2 or 3 months old, in a 6:1 ratio with bioplastic material; or by real food and green waste. Table 2 shows an overview of the studies considered in the review article, reporting the conditions of each test. As described in the next paragraphs, the conditions of the reported studies can have a great influence on biodegradation of the test material.
Anaerobic conditions
Anaerobic digestion, generally applied to the organic fraction of municipal solid waste both alone and mixed with sludge from wastewater treatment plants, involves a complex ecosystem of anaerobic bacteria and methanogenic archaea (Ren et al., 2018) . Microbes convert various type of biomass and organic waste into biogas (60-70% methane, 30-40% carbon dioxide, traces of hydrogen and hydrogen sulphide), leaving a nutrient-rich digestate for land application (Sheets et al., 2015) . Anaerobic digestion may be carried out either in a single-phase or two-phase system. In the two-phase system, hydrolysis and acidogenesis react in the first reactor, and the utilization of those acids during methanogenesis takes place in the second reactor (Kondusamy and Kalamdhad, 2014) . However, it is reported that in Europe almost 95% of anaerobic digestion plants for organic waste are single-phase systems (Forster-Carneiro et al., 2008) . Also the simulations at laboratory scale for assessing degradation of bioplastics generally use a single-phase system. The main parameters monitored are temperature, pH, ammonia, volatile fatty acids (Xiao et al., 2017; Yirong et al., 2017) and production and composition of biogas (Novais et al., 2018) . Research carried out under anaerobic conditions for biodegradation of bioplastics is less prioritized than that in aerobic conditions, and only at laboratory scale. In Table 3 , international standards which deal with biodegradation of plastics and bioplastics in anaerobic conditions are summarized. In the mentioned standards the temperature required in the simulated anaerobic digestion is 35-37°C, except for ASTM D5511-02 and ISO 13975, which implies thermophilic conditions for the test. Table 4 reports many studies that do not refer to a particular standard. Among them, two tests were carried out at 55°C (Yagi et al., 2010 (Yagi et al., , 2013 . As discussed below, temperature seems to be the discriminatory variable in the biodegradation of bioplastics both under aerobic and anaerobic conditions.
Methodologies to monitor biodegradation of bioplastics
This section proposes an overview of the main methodologies used to monitor the process of biodegradation of bioplastic materials under aerobic and anaerobic conditions ( Table 5 ). The methodologies are summarized in Figure 1 , divided into four main groups in accordance with their general operation. More specifically, in each group three or four methods of degradation analysis are presented. The pie charts point out which are the most used methodologies among the studies reported in this review (19 for CO 2 measurements methodologies, 19 for mass loss methodologies, 14 for the spectroscopy and 19 for the visual analysis).
CO 2 and CH 4 measurements
The methodologies of this category provide a percentage value of material biodegradation through the measurement of the organic carbon transformed to gaseous carbon dioxide and methane, this latter only under anaerobic conditions. Referring to aerobic conditions, the cumulative volume of CO 2 produced during composting is used as an index of microbial assimilation and organic fraction mineralization (Balaguer et al., 2015 (Balaguer et al., , 2016 . CO 2 produced by bioplastics during biodegradation is compared with a blank, composed of mature compost plus a positive material, generally cellulose (Tabasi and Ajji, 2015) , for which biodegradability has already been assessed (Sakimoto et al., 2017; Zhao et al., 2016 ) and assumed to be complete (Zhao et al., 2017) . The measurement of CO 2 in gaseous emissions from the process can be carried out with different equipment: the cumulative measurement respirometry (CMR) and the gravimetric measurement respirometry (GMR) (Kijchavengkul and Auras, 2008) . GMR was applied in accordance with ISO 18455-2 (Tayommai and Aht-Ong, 2010) , and also with modified GMR instruments, such as the microbial oxidative degradation analyser (Kale et al., 2007; Kunioka et al., 2006) . Direct measurement respirometry (DMR) is equipped with a non-dispersive infrared (NDIR) sensor or a gas chromatograph (GC) coupled with a thermal conductivity (TCD) detector to analyse the amount of evolved CO 2 in the output gas (Castro-Aguirre, 2013; Kijchavengkul and Auras, 2008) . The graph in Figure 2 presents the results obtained by authors indicated in Table 5 approaching 
ASTM D5338
Test method to determine the ultimate aerobic biodegradability of plastics and the degree of disintegration under controlled composting conditions. The test material is exposed to an inoculum derived from compost. The method yields the percentage conversion of organic carbon in the test material to evolved carbon dioxide.
58±2°C for a period not exceeding 6 months.
the biodegradability analysis of the tested material with one of the above-described methodologies. It should be noted that when the temperature is below 37°C the effective biodegradation during the tests remains below 43% regardless of the test duration (Gómez and Michel, 2013; Massardier-Nageotte et al., 2006; Mohee et al., 2008) . On the contrary, at temperatures in the range 58-65°C, the bioplastic materials tested reached a percentage of biodegradation between 70% and 90%. In anaerobic conditions, biodegradation can be assessed through the measurement of biogas production, which is mainly composed of CH 4 and CO 2 (Yang et al., 2018) , as provided by ASTM D5526-94d. The test method yields a percentage of conversion of organic carbon in the sample to carbon in the gaseous form. A further method to assess the anaerobic biodegradability is the biochemical methane potential (BMP) (Zhang et al., 2018) , based on the specific methane yield of the test material. Figure 3 summarizes the results of studies reported in Table 5 , obtained for biodegradation of bioplastics under anaerobic conditions for different temperatures and duration. The graph shows that no significant results were found under mesophilic conditions, independently of the duration of the test (Gómez and Michel, 2013; Massardier-Nageotte et al., 2006; Zhang et al. 2018) . However, on raising the temperature to 55°C, higher percentages were gained (Yagi et al., 2010 (Yagi et al., , 2013 .
Spectroscopy
This technique is used to assess the biodegradation process through the changes in the spectrum of bioplastics during the process. Infrared (IR) spectroscopy means the absorption of IR radiation generally used in the wavenumber range to 4000-400 cm -1 . The IR absorption bands have two characteristics: frequency and magnitude. The former is signed in the horizontal axis and it corresponds to the absorbed IR wavenumbers. The latter corresponds simply to the amount of IR, and it is visible in the spectrum through the peaks. Many types of spectroscopic analysis are available. Nuclear magnetic resonance (NMR) is spectroscopy which gives the sequence of active nuclei, generally expressed on the basis of C, H and O. Moreover, the spectra of the materials can be detected through attenuated total reflectance spectroscopy (ATR-FTIR) and near infrared (NIR). Massardier-Nageotte et al. (Bhatt et al., 2008) of Mater-Bi® and PCL both under aerobic and anaerobic conditions for 28 days at 37°C (Massardier-Nageotte et al., 2006) . The almost unchanged spectra before and after the testing period confirm the low degradation already observed by authors using respirometric analysis. Some significant results have been outlined by other authors, with a modification of the spectra reliable to the biodegradation process. Using ATR-FTIR, PLA and PHB were observed by Tabasi and Ajji (2015) for a period of 10 days under composting conditions, resulting in the individuation of a dissociation of the peak 1450 cm -1 into two peaks 1454 and 1447 cm -1 correlated to the CH 3 functional group. The increase of peaks related to simple bounds was explained with the initial break down, during hydrolysis, of the complex polymers in oligomers or monomers which are ready biodegradable by microorganisms active in aerobic and anaerobic conditions. The analysis also revealed the increase of the wavenumber 1745 cm -1 corresponding to the carbonyl group (Tabasi and Ajji, 2015) . The same peaks were outlined by Arrieta et al. (2014) for PLA and PHB during a period of 21 days in simulated composting. In addition, spectral analysis also revealed rising peaks in the wave number between 3200 and 3600 cm -1 , which identifies the hydroxyl group. 35±2°C for a period of at least 7 days.
ASTM D5511-02
Test method to determine the degree of anaerobic biodegradation of plastic materials in high-solids anaerobic conditions. The test materials are exposed to a methanogenic inoculum derived from anaerobic digesters. The test method yields a percentage of conversion of carbon in the sample to carbon in the gaseous form.
52±2°C for a period of at least 30 days. If the period is lengthened to 40 days, it was observed that no significant changes occur in the spectra after 26 days (Lavagnolo et al., 2017; Weng et al., 2010) . In Weng et al. the results of ATR-FTIR on PHB underlined that the band at 1725-1724 cm -1 , assigned to C=O stretching vibration, became wider after 30 days of biodegradation. Moreover, CH 3 deformation vibrations were found at 1458-1455 cm -1 and 1384-1379 cm -1 , C-O-C stretching vibration at 1282-1280 cm -1 and C-O-H characteristic absorption at 1184-1178 cm -1 . Ahn et al. (2011) applied NIR to PLA: unlike FTIR, NMR displays the wavenumber range 10,000-400 cm -1 and provides mainly a qualitative behaviour of the spectra during 60 days of simulated composting, without peaks evaluation (Ahn et al., 2011) . X-ray photoelectron spectroscopy (XPS) is another methodology involving spectroscopy: peaks of elements composing the tested material are identified within a certain binding energy (eV) range. In particular, a study of Correa et al. (2008) , applied to PHB, followed the evolution of peaks of the spectra for 5 months in composting. The value 285.0 eV (used as a binding energy reference) corresponds to C-C and/or C-H, the component at 286.5-287 eV to C-O, and the one at approximately 289 eV to C=O, the component at 532.1-533.1 eV to C-O and the one at higher binding energies to -OH. In accordance with the previous cited studies, the observation for the first month highlighted the hydrolysis of complex polymers. After 2 months no further significant changes occurred in the spectra (Correa et al., 2008) . Finally, a further methodology used to follow the evolution of the spectrum of the tested material is pyrolysis-gas chromatography-isotope ratio mass spectrometry, used to identify particular additives in PLA (Llana-Ruíz-Cabello et al., 2016 the isotope ratio typical of each material and to identify PE in blends and carrier bags made from biodegradable polymers PBAT and PLA (Rizzarelli et al., 2016) .
Mass loss
Mass loss is considered as an index of biodegradation. It has been studied by authors by measurement of molecular weight decrease, experimental mass loss, or by assessing the disintegration degree. For measurement of molecular weight, gel permeation chromatography (GPC) was used in previous studies, in particular on PLA (Kale et al., 2007; Pradhan et al., 2010) . More often used is the measurement of experimental mass loss for pieces extracted from samples during the testing period. The measurement follows a general standardized procedure: sample screening through a series of sieves up to 2 mm size, washing of pieces with distilled water, drying to constant mass, and final weighing. Figure 4 shows many studies carried out under different temperature conditions and for periods of variable length (citied also in Table 2 ) by measuring the experimental mass loss. It can be seen that for temperatures lower than 37°C the percentage of biodegradation does not exceed 45%, independently on the test duration (Bhatt et al., 2008; Massardier-Nageotte et al., 2006) . On the contrary, at temperatures equal or higher than 58°C the bioplastic materials tested reach a biodegradation percentage between 80 and 95%. The degree of disintegration is generally measured following the standards normalizing the compostability of bioplastics (aerobic conditions only) in accordance with the percentage of particles which are retained on a sieve of 2 mm. The standards are ISO 14806 and ISO 20200. After 90 days in a laboratory-scale test under aerobic conditions, samples are dried to constant mass and sieved with the objective of separating the remaining plastic pieces larger than 2 mm. The recovered pieces must be washed with distilled water, dried at 40±2°C and weighed in order to calculate the corresponding disintegration degree (D). It should be noted that the equation substantially represents the loss of mass in the conditions set by the test (Equation 1 ).
where M i corresponds to the initial dry mass of bioplastics and M f represents the dry mass of the recovered bioplastic pieces after 2 mm sieving. In order to validate the disintegration degree, the volatile solids decreasing degree (R) must by higher or equal than 30% (Equation 2).
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where m i is the initial mass of wet waste matrix, DM i is the dry mass of waste matrix and VS i the initial volatile solids of wet waste matrix. M f , DM f and VS f represent respectively the final mass, the final dry mass and the final volatile solids of compost. DM and VS are expressed as percentage divided by 100. Figure  5 shows a comparison between many studies: even though the duration of the test varies slightly, the temperature was kept constant at 58°C by all the reported authors, in accordance with the International standards. A significantly high degree of disintegration can be observed, up to 99%. There is an additional consideration regarding the sieving of bioplastic pieces: the pieces recovered from samples during the period of the test can be sifted with sieves of different sizes, in a range from 10 mm to 2 mm in accordance with the standards (e.g. EN 13432). After weighing each retained fraction of bioplastic pieces, a granulometric curve can be assessed, and a model of the disintegration process in time can be elaborated (Lavagnolo et al., 2017) . Under anaerobic conditions, in addition to the previously mentioned methods, Zhang et al. (2018) applied a modified version of CEN/TC BT 151 WI: the fraction retained on the sieve was washed with tap water and tokens were recovered by hand. They were then air dried for 3-4 days, counted and weighed. The final weight values were then used to obtain an empirical firstorder decay reaction to provide an estimate of the destruction of the bioplastics in compost. The five studies carried out on different bioplastic materials and at temperature lower than 37°C show a biodegradation not higher than 35% (Zhang et al., 2018) .
Visual analysis
Inspection of the surface changes in the tested material not are indicated as mandatory analyses in the European standards for packaging biodegradability and compostability, such as EN 14045. However, many authors use visual analysis to confirm the results obtained with one or more of the previous cited methodologies (Bhatt et al., 2008) . The visual assessment criteria are generally the distribution of particle size of remaining bioplastic pieces and signs of microbial colonization of the packaging; a sample of a few pieces can be selected with the intention to provide an impression of all visible degradation phenomena: consistency, thickness, discolouring, erosion of the material (holes, tunnels, etc.), signs of local disintegration and ease of discovery. Crack formation, surface roughness and corrosive degradation are investigated with SEM. These phenomena were observed on PLA after just 10 days of composting, relating them to the hydrolysis of the longer polymeric chains (Luzi et al., 2015; Petinakis et al., 2010 ). An interesting comparison between laboratory and pilot scale was carried out by Weng et al. (2010) on PHB. Similar results were observed for both the scales: after 20 days the bioplastic material extracted from the laboratory-scale test presented cavities and surface erosion, whereas before degradation the surface was smooth (Weng et al., 2010) . This suggested an initial biotic breakdown on the surface of the material (Pradhan et al., 2010) . On the pieces extracted from the pilotscale test the cavities are still observed, but this phenomenon followed the formation of filament-like residues which then degrade into many cavities. Within 39 days the cavities disappeared and PHB films were considered completely biodegraded (Weng et al., 2010) . A similar sequence of phenomena was observed by Numata et al. (2008) on PHB and PHA crystals using atomic force microscopy (AFM) which enables the characterization of the crystal surface nanostructure in a buffer solution. To conclude with visual analysis, many studies used photographs to report colour, size, roughness and particular features of bioplastics during the test period until they are assimilable to compost. A significant example of a photographic report is in Kale et al. (2007) who took photos of PLA bottles every day, observing that while until the 9 th day just the shape of the bottles was distorted, from the 15 th and the 30 th the material totally disintegrated and disappeared from the photographs (Kale et al., 2007) . This result was also observed by Arrieta et al. (2014) and Balaguer et al. (2016) , who found that the pieces became assimilable with compost and smaller than 5 mm after 30 days (Balaguer et al., 2016) . Weng et al. (2010 Weng et al. ( , 2011 reported pictures of PHA and PHB films recovered from the composted matrix. Their research revealed that until the 15 th day the bioplastic pieces were almost entire, with little erosion visible mainly in the margins. From the 20 th to the 40 th day the number of pieces recovered greatly decreased, and after the 40 th day they reached a size smaller than 3 mm, thus were more difficult to identify and extract. In parallel, the SEM pictures of both bioplastic materials confirmed the increasing erosion of the margins of the pieces in the last weeks of the test, and the presence of pores and cavities which encouraged the disintegration process (Weng et al., 2010 (Weng et al., , 2011 .
Compost quality
The safety of compost is a fundamental requirement to provide a product free of substances which could be a source of pollution for the environment and a threat for the small fauna living in soil and water. The first investigation to assess compost quality was the analysis of the physico-chemical parameters of the resulting compost, as far as chemical compositions in terms of: C/N, N-NH 4 , P, Mg, K and heavy metals (Balaguer et al., 2016) . The bases for the determination of phytotoxicity are in the OECD Guideline for Testing of Chemicals 208, Terrestrial Plants, Growth Test (OECD, 1984) , which provides the procedure for monitoring the germination rate of plants in compost within degraded bioplastics. However, in accordance with the certifications for assessing bioplastics compostability, this test is not mandatory. A modified version of the test was applied on PLA by Tuominen et al. (2002) , measuring the germination and growth of cress, radish and barley. In their research on PLA film, Balaguer et al. (2016) determined the weight of dry biomass in the plants and visual phytotoxicity aspects (chlorosis, necrosis, wilting, leaf and stem deformation), on cress seeds. Within 14 days the authors observed no significant differences between blank and samples with tested materials, nor mortality of plants. Moreover, they provided the germination index (GI), considered a strong measure of the level of phytotoxicity of compost (Karak et al., 2014) . Wang et al. (2013) attributed GI to the compost maturity in relation to the germination of the seeds. Cesaro et al. (2015) report the equation for the calculation of the GI (Equation 3) :
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where %G is the percent germination, G t is average number of seeds which germinated with the tested material, G c is the average number of seeds which germinated in the blank. %L is the percentage radicle length, L t is the average radicle strength and L c the average radicle length in the blank. In Anjeena et al. (2017) , using this equation, the values of GI reported indicate a phytotoxic-free compost; in fact, all the samples exceed a value of 0.5 (Yang et al., 2013) . Germination, as well as the monitoring of the plant growth, was also considered by Martin-Closas et al. (2014) for the measure of compost safety of bioplastic mulching films based on adipic, succinic and lactic acids (Martin-Closas et al., 2014) . They did an in vitro crop plant ecotoxicity test, using lettuce and tomato; the germination of seeds did not present significant differences with the control. Several bioplastic mulching films for agriculture have been designed for applications ending up in or on soil: a recent example is given by mulches made on Mater-Bi® (Agrobiofilm, 2014). These products have been developed to disappear in situ at the end of their useful life: to this purpose it is important to test such bioplastic materials in accordance with ISO 17556. The test method is used to determine the ultimate aerobic biodegradation in soil at 25±2°C and it is based on the determination of the carbon dioxide evolved in a period of 4-6 months.
To conclude, Jayasekara et al. (2003) carried out a test on a starch-based bioplastic, in accordance with ASTM E1976-97, exposing the earthworm Eisenia fetida to degraded bioplastic in compost. Juveniles, weight and pathologies of the earthworm were observed for a period of 14 days in comparison with a blank, and the test proved the effective compost safety.
Although not many studies have been carried out on this aspect of bioplastics degradation, all of them resulted in a positive match with standards requirements. However, further developments in ecotoxicity testing will probably be observed in the near future, especially considering the increasing amount of bioplastic on the market, and the consequent increase in bioplastic concentration within organic waste. In fact, a higher concentration of bioplastics in the waste matrix could be a relevant issue in ecotoxicity and a key aspect to keep under control.
Conclusions
The topic of degradation of bioplastics during biological processes, both under aerobic and anaerobic conditions, is nowadays largely developed in the research literature, involving different methods to deal with its complexity. Generally, two or more of the methodologies highlighted in the previous section are applied in the same study. A synergic approach using different methodologies should be followed when dealing with biodegradation of bioplastics. This allows identification of possible discrepancies among the results obtained, or otherwise confirms the observations captured with different methods. Moreover, when more than one author applies the same methodology but under different conditions, the comparison between the results allows hypotheses to be made regarding the role of process conditions which influence the fate of bioplastics during biological treatments.
The need to work with two or more monitoring methodologies is, for instance, highlighted by the results obtained with CO 2 production measurement and mass loss under aerobic composting processes. It should be noted that the highest values of biodegradation observed with the first method range from 70% to 90%, and with the second from 80% to 95%. This difference is assumed to be related to the fact that the mass loss methodology is applied only on bioplastic pieces recovered from the sample and generally not smaller than 2 mm. CO 2 production is instead measured on the whole sample of bioplastic material, which can include microplastics that are smaller than 2 mm and not completely degraded.
Even though the quantitative methodologies result in numerical measurements of biodegradation, it is advisable to support them with qualitative methods such as SEM, AFM and spectroscopy techniques. From the case studies discussed here, it was found that spectroscopic analyses have generally confirmed the biodegradation level revealed by assessment of CO 2 production and mass loss. In fact, in Massardier-Nageotte et al. (2006) the almost unchanged spectra before and after the testing period are considered as a proof of the low degradation already observed with CO 2 measurement, while in other studies the strong changes of polymeric structure and features appear as a confirmation of an almost complete biodegradation of the tested bioplastics (Petinakis et al., 2010; Weng et al., 2010) .
Regarding the environmental conditions influencing the biodegradation process, the relevance of the temperature in both aerobic composting and anaerobic conditions has already been discussed. In particular, the initial thermophilic phase seems to play a fundamental role in making the process start by hydrolysing the complex molecules into more ready biodegradable oligomers, assimilable by mesophilic microorganisms (Emadian et al., 2017) . Moreover, observing the degree of disintegration, even though the duration of the tests was variable, the temperature was never lower than 58°C. The positive results obtained on the tested material (⩾ 90%) outline that heat plays an effective role as abiotic condition in the fragmentation of the material. It can be seen that, in addition to breaking material down into pieces, thermo-oxidation causes a loss of material mass, even if not to mineralization in the main (Sivan, 2011) . Observations related to the environmental conditions outline the importance of disposing of bioplastics neither in ordinary bins nor with traditional plastics, but with the organic fraction of municipal solid waste: industrial composting plants and anaerobic digestors may exploit research results to provide the best conditions of temperature, moisture and time required to ensure biodegradation of bioplastics.
Beside this, it is fair to note that the research carried out and previously discussed assesses disintegration of bioplastics to millimetre sizes. In accordance with the requirements of standards (e.g. EN 13432), the disappearance of particles bigger than 2 mm reflects the total degradation of bioplastics in compost. To this purpose, it would be highly recommended to further develop disintegration analyses to monitor the eventual presence of microplastics smaller than the size accounted as a safe threshold by standards. In fact, when bioplastics are released into the environment as part of compost, the environmental biotic and abiotic conditions are different than during the waste treatments: the issue of the degradation of bioplastics in fields and aquatic environments is still strongly debated, without certain results. So, if microparticles of bioplastics smaller than millimetre sizes are present in compost used for field fertilization, their fast and complete degradation may not be assured.
